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Al-Cu-Fe alloys: the relationship between the quasicrystal and its melt
L.V. Kamaeva,R.E. Ryltsev,V.I. Lad‘yanov,N.M. Chtchelkatchev
• We find relation between structure of Al-Cu-Fe melts, their structural sensitive properties and tendency to form ico-
phase
• Isotherms of viscosity and undercoolability of Al-Cu-Fe melts develop minima at ico-phase stoichiometry
• Short-range order in Al-Cu-Fe melts is polytetrahedral and presented by distorted Kasper polyhedra
• Local icosahedra in Al-Cu-Fe quasicrystal phase are destroyed by melting but pair and angular correlations survive
• Chemical short-range order of Al-Cu-Fe melts changes in the vicinity of i-phase stoichiometry
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ABSTRACT
Understanding the mechanisms which relate properties of liquid and solid phases is crucial for fabri-
cating new advanced solid materials, such as glasses, quasicrystals and high-entropy alloys. Here we
address this issue for quasicrystal-forming Al-Cu-Fe alloys which can serve as a model for studying
microscopic mechanisms of quasicrystal formation. We study experimentally two structural-sensitive
properties of the liquid – viscosity and undercoolability – and compare results with ab initio inves-
tigations of short-range order (SRO). We observe that SRO in Al-Cu-Fe melts is polytetrahedral and
mainly presented by distortedKasper polyhedra. However, topologically perfect icosahedra are almost
absent an even stoichiometry of icosahedral quasicrystal phase that suggests the topological structure
of local polyhedra does not survive upon melting. It is shown that the main features of interatomic
interaction in Al-Cu-Fe system, extracted from radial distribution function and bong-angle distribu-
tion function, are the same for both liquid and solid states. In particular, the system demonstrates
pronounced repulsion between Fe and Cu as well as strong chemical interaction between Fe and Al,
which are almost concentration-independent. We argue that SRO and structural-sensitive properties
of a melt may serve as useful indicators of solid phase formation. In particular, in the concentration
region corresponding to the composition of the icosahedral phase, a change in the chemical short-
range order is observed, which leads to minima on the viscosity and udercoolability isotherms and
has a noticeable effect on the initial stage of solidification.
1. Introduction
Structural heredity relating properties of liquid and solid
phases is one of the topical issues in modern material sci-
ence [1, 2, 3, 4]. For example, the idea that the structure of
a melt can be related to the tendency to form certain solid
phases was recently applied to high-entropy alloys [5, 6, 7].
Recently, a method for predicting the formation of layered
quasicrystals from structural characteristics of fluid phase
has been proposed [2, 4]. The relationship between structural-
sensitive liquid phase properties (viscosity, thermal expan-
sion etc.) and glass-forming ability in metallic alloys has
been intensively discussed [1, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17].
It is known thatmetallic alloys, especiallyAl-based ones,
can demonstrate complex structure in liquid state [18, 19,
20, 21, 22, 23]. In particular, it has been suggested that the
unusual structure of Al-based melts leads to the formation
of complex crystalline and quasicrystalline phases [22, 23].
That is especially relevant for the Al-Cu-Fe system which
can form stable icosahedral phase (i-phase) as well as com-
plex crystal phases [24].
Al-Cu-Fe quasicrystalline alloys are one themost promis-
ing quasicrystal metal materials for practical use [25], there-
fore the stable i-phase in this system is rather well studied [26,
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27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 35]. The Al-Cu-Fe i-
phase can be obtained by rapid quenching of a melt (for ex-
ample, by spinning or sputtering technique), mechanical al-
loying and plasma deposition methods [30, 37, 38]. These
methods produce i-phase in the form of either powders or
thin coatings those applicability is essentially restricted. There-
fore, the search for methods to fabricate bulk single-phase
quasicrystalline Al-Cu-Fe alloys is currently an important
task. Good results in this direction can be achieved by using
different costly technologies, for example, the preparation of
powders and their subsequent high-tech heat treatment [39,
40]. Classical metallurgical casting technologies do not al-
low to obtain a single-phase material with controlled com-
position and property [41, 27, 42], although there are some
successes in this area [42, 43]. A promising way to solve
these problems is the use of structural heredity between liq-
uid and solid states.
The structure of Al-Cu-Fe melts is satisfactorily investi-
gated in only the vicinity of i-phase stoichiometry [24, 44,
45]. The data available reveal pronounced icosahedral short-
range order (SRO) in this composition range. However, the
existence of such SRO at other compositions as well as its
impact on the solidification process are still almost unex-
plored.
Viscosity is one of the main structural-sensitive proper-
ties of a fluid. For metal melts, it is also of practical im-
portance because the viscosity value affects significantly the
casting process. Moreover, the analysis of the viscosity al-
lows estimating qualitatively how the interatomic interac-
tion in a melt varies with a change of temperature or atomic
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Table 1
Parameters of Eq. (1) for temperature dependencies 휈 of Al-Cu-Fe melts.
composition A푣, 10−8 m2/s E푣, kJ/mol composition A푣, 10−8 m2/s E푣, kJ/mol
Al72Cu25.5Fe2.5 7.3 18.8 Al67Cu20.5Fe12.5 4.9 29.6
Al67Cu30Fe2.5 5.9 21.8 Al64.5Cu23Fe12.5 5.7 28.0
Al62Cu35.5Fe2.5 6.4 21.4 Al62Cu25.5Fe12.5 4.2 31.5
Al60.5Cu35.5Fe4 5.2 24.7 Al59.5Cu28Fe12.5 4.6 31.5
Al79.7Cu14.5Fe5.8 8.4 21.1 Al57Cu30.5Fe12.5 4.8 31.3
Al73.7Cu20.5Fe5.8 6.7 22.1 Al54.5Cu33Fe12.5 4.9 31.1
Al68.7Cu25.5Fe5.8 5.2 24.9 Al52Cu35.5Fe12.5 5.0 30.8
Al63.7Cu30.5Fe5.8 6.0 23.3 Al70.6Cu15.7Fe13.7 4.2 33.2
Al58.7Cu35.5Fe5.8 5.1 26.3 Al68.1Cu18.2Fe13.7 5.0 30.8
Al53.7Cu40.5Fe5.8 5.4 26.1 Al60.8Cu25.5Fe13.7 4.2 31.7
Al67Cu25.5Fe7.5 4.3 25.7 Al59.5Cu25.5Fe15 4.0 32.9
Al64.5Cu25.5Fe10 3.9 30.3 Al57Cu25.5Fe17.5 4.6 33.2
Al72Cu15.5Fe12.5 4.8 30.4 Al54.5Cu25.5Fe20 3.9 36.2
Al69.5Cu18Fe12.5 6.7 26.4 Al52Cu25.5Fe22.5 4.5 34.4
concentration [46, 47, 48, 49]. Another useful structural-
sensitive property is undercoolability Δ푇 whose concentra-
tion dependencies allow understanding the solidification pro-
cess in multicomponent alloys. On the one hand, Δ푇 de-
pends on the initial structure of a liquid phase, and on the
other hand, it controls the concurrent processes of nucleation
and growth of a solid phase.
Previously Al-Cu-Fe melts were studied in the vicinity
of particular compositions. The viscosity of Al-Cu-Fe melts
was investigated for the composition Al63Cu25Fe12 in thetemperature range from 1100 to 1300◦C [44]; the effect of
supercooling on the phase formation sequence was studied
for Al62Cu25.5Fe12.5 and Al60Cu34Fe6 alloys in [24].Here we study Al-Cu-Femelts in a wide range of compo-
sitions. We consider the following two concentration cross-
sections: Al57.0+푥Cu30.5−푥Fe12.5 andAl52.0+푥Cu25.5Fe22.5−푥,(where 푥 = 0 − 20 at.%), containing i-phase stoichiometry
composition. For these alloys, we study experimentally two
structural-sensitive properties of the liquid – viscosity and
undercoolability – and compare results with ab initio inves-
tigations of SRO.
2. Methods
Samples were obtained by fusing of Al-Fe master alloy
(either Al80.6Fe19.4 or Al69.8Fe30.2 depending on the meltedcomposition), electrolytic aluminum and cathode copper in
a viscosimeter furnace in an inert atmosphere of He (after
preliminary pumping to 10-2Pa) at temperature 1400◦C for
1 hour.
Kinematic viscosity 휈 was measured by the method of
damped torsional vibrations of a corundum crucible with a
melt [9]. The method is described in detail in [50]. The ex-
periments were carried out in an atmosphere of purified he-
lium by using crucibles of aluminum oxide. To prevent an
uncontrollable influence of the oxide surface film, a cover
of Al2O3 was placed on the melt surface and fixed so that itserved as a second end surface of the crucible [51]. Prelim-
inary experiments have shown that, immediately after melt-
ing, alloys under consideration demonstrate slow relaxation
of the viscosity (2 hours or more). The reason is the slow
establishment of thermodynamic equilibrium in the melt –
crucible – atmosphere system [52]. This feature must be
taken into account when measuring the temperature depen-
dencies of viscosity 휈(푇 ). Therefore, measurements of 휈(푇 )
are performed in the following mode. After melting, the liq-
uid is overheated by 50◦ C above the liquidus temperature,
kept at this temperature for 10 minutes and then cooled to
the liquidus temperature. Then, we perform viscosity mea-
surements by heating a system in a stepwise manner from
the melting temperature up to 1400◦ C by increments of 20-
30◦ and then cooling it down to melting temperature; at each
temperature, isothermal exposure of 7 min is performed be-
fore measurement. Next, the samples were cooled down
to room temperature and described stages were cyclically
repeated. For all investigated melts, in whole temperature
ranges, temperature dependencies 휈(푇 ) obtained in both heat-
ing and cooling modes, are well fitted by the Arrhenius re-
lation:
휈 = 퐴휈푒
퐸휈
푅푇 , (1)
where퐴휈 is a pre-exponential factor, 퐸휈 is the activation en-ergy, 푅 is the universal gas constant, 푇 is the absolute tem-
perature. To construct concentration dependencies of the
viscosity for each alloy, we fit the viscosity data obtained
in two subsequent heating/cooling cycles by common expo-
nential dependence. The corresponding parameters of the
equation (1) for the studied alloys are presented in Table 1.
For a confidence probability of 0.95, the most probable
error in determining the absolute values of the viscosity of
Al-Cu-Fe melts in a single experiment is 2.5% with a total
error of no more than 5%.
Both the melting point and the undercoolability of the
alloys were determined by using a high-temperature thermal
analyzer [46]. The measurements were performed in an in-
ert atmosphere of purified helium under low excess pressure
after pre-evacuation to a pressure of the order of 10−2 Pa.
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(a) (b)
Figure 1: Typical snapshots of atom distribution in
Al68.7Cu25.5Fe5.8 (a) and Al52Cu25.5Fe22.5 (b) melts obtained by
ab initio molecular dynamics simulations. Here Al, Cu and Fe
are colored green, blue and red, respectively.
DTAplots (thermograms)were obtained in heatingmode
at the rate of 20 K/min to the selected melt temperature and
subsequent cooling, after 20 minutes exposure at maximum
temperature. The temperatures of all stages of melting (in
heating mode) and crystallization (in cooling mode) for each
alloywere determined fromDTA thermograms. Undercoola-
bility was determined as the difference between the liquidus
temperature and crystallization start temperature determined
from the heating and cooling thermograms, respectively.
In the process of melt crystallization in a container, the
undercoolability value is influenced by different factors, such
as cooling rate, the temperature of the molten alloys and the
number of melting-crystallization cycles [53]. Therefore,
the experimental measurement process for each sample in-
volved a few heating (melting)-cooling (crystallization) cy-
cles in which either the maximum heating temperature of
melts (푇max) or the cooling rate was changed. Experimentswere performed at cooling rates of 20 and 100 K/min. The
effect of melt temperature on undercoolability was studied
during thermal cycling of the samples. In these experiments,
each sample was heated to a temperature of 10–20 K above
the liquidus temperature kept at this temperature for 20 min-
utes, then cooled at the rate of 100 K/min. In the next heat-
ing - cooling cycle, the maximum melt temperature was in-
creased by 10-20 K, etc. until the latter was reached 1950 K.
The structural characteristics of the melts were deter-
mined by using ab initiomolecular dynamics (AIMD) simu-
lations. The calculations were performed by using the open-
source CP2K software package [54]. Projector augmented-
wave (PAW) pseudopotentials and Perdew-Burke-Ernzerhof
(PBE) gradient approximation to the exchange-correlation
functional were used [55]. Calculations were performed in
the NVT ensemble at the density corresponding to zero pres-
sure 푃 = 0, which was estimated by minimizing energy as a
function of volume. The time step was 1 fs. Cubic supercells
of 512 atoms (see Fig. 1) with the following compositions
were built: Al68.7Cu25.5Fe5.8, Al69.5Cu18Fe12.5, Al62Cu25.5Fe12.5,Al52Cu35.5Fe12.5, Al57Cu25.5Fe17.5, and Al52Cu25.5Fe22.5.These initial configurations were heated to 5000 K and
relaxed during several thousandMD steps, then slowly cooled
to the target temperatures and relaxed for several thousand
Figure 2: Concentration dependencies of the viscosity of Al-
Cu-Fe melts at 푥Fe = 12.5 (a) and 푥Cu = 25.5 (b) and different
temperatures.
Figure 3: (a,b) Concentration dependencies of melting points
푇푚 (spheres) and lines of equal viscosity 푇휈 (cones); (c,d) Con-
centration dependencies of undercoolability obtained by cool-
ing the melts from different temperatures at cooling rates of
100 K/min (cones) and 20 K/min (spheres).
MD steps.
3. Results
The experimentally obtained viscosity isotherms along
two concentration cross-sections at 푥Fe = 12.5 at.% and
푥Cu = 25.5 at.% are shown in Fig. 2. It can be seen fromthe figures that the replacement of aluminum by copper has
little effect on the viscosity of Al-Cu-Fe melts in the investi-
gated concentration range. On the concentration dependence
휈(푥Cu) obtained at 푥Fe = 12.5 at.%, we observe weakly pro-nounced minimum at 푥Cu = 25 at.% (Fig. 2a); at 푥Cu > 30at.%, viscosity is constant within the range of measurement
error (Fig. 2a). Increase of the iron content at a constant
copper concentration leads to a sharp, but monotonous in-
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Figure 4: The concentration behavior of Warren-Cowley SRO
parameters for Al-Cu-Fe melts extracted from ab initio data.
crease of viscosity (Fig. 2b). An increase of the temperature
leads to a weakening of the concentration dependence of the
viscosity. However, the main features of 휈(푥) dependence
remain the same up to 1673 K (Fig. 2a, b).
Fig. 3 shows lines of equal viscosity (red diamonds) ob-
tained from 휈(푇 ) and liquidus lines (melting points 푇푚 versusconcentration) determined from DTA curves during heating
(black circles) (Fig. 3a,b), as well as concentration depen-
dencies of undercoolability obtained under cooling of the
melt from different temperatures at different cooling rates
(Fig. 3a, b). A line of equal viscosity is a concentration de-
pendence 푇휈(푥) of temperatures at which the viscosity of amelts reaches a certain value. In our case, the viscosity of
the i-phase near the melting point (7.5 ⋅ 10−7푚2∕푠) is cho-
sen as such characteristic value. The lines of equal viscos-
ity 푇휈(푥) and liquidus lines 푇푚(푥) demonstrate similar be-haviour. At that, 푇휈,푚(푥Cu) develop minima near 25 at. %Cu (Fig. 3a), but 푇휈,푚(푥Fe) reveal sharp linear increase withincreasing iron content 푥Fe (Fig. 3b).It can be seen from the Fig. 3 that 푇휈=휈ico (푥) (the tem-perature at which the viscosity of the melts studied is equal
to the viscosity of the ico-phase near the liquidus temper-
ature) coincides well with the liquidus line for each alloy.
Noticeable discrepancy between these temperatures is ob-
served for the alloys at (푥Cu > 30, 푥Fe = 12.5) and for
(푥Fe < 12, 푥Cu = 25.5). For these alloys, the kinematicviscosity at the melting point is lower than 7.5 ⋅ 10−7 푚2∕푠;
this viscosity value is achieved only under supercooling of
the melts. Concentration dependencies of undercoolability
Δ푇 (푥) obtained by cooling the melts from different tempera-
tures at different cooling rates are shown in Fig. 3c, d. Crys-
tallization of the studied alloys proceeds at low undercool-
ings Δ푇 = 20 ÷ 80 K.
At 푥Fe = 12.5, Δ푇 (푥Cu) develops a minimum at 푥Cu =
25 that agrees well with both 푇휈(푥) and 푇푚(푥) behaviour(Fig. 3a, c). At 푥Cu = 25.5, Δ푇 increases with 푥Fe; how-ever, there is a kink at 푥Fe ≈ 12.5 at. that is in agreementwith the behaviour ofΔ푇푚(푥Fe) (Fig. 3b, d). Note that under-coolability of the alloys studied does not depend essentially
on the initial temperature of the melts. The cooling rate af-
fects Δ푇 much more essentially, but in spite of that Δ푇 (푥)
are qualitatively the same at all cooling rates (Fig. 3c, d).
Figure 5: Total and partial RDF around Al in several Al-Cu-
Fe melts at temperatures 100 K above corresponding melting
points.
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Figure 6: Detailed comparison of partial RDFs and partial
coordinate dependent coordination numbers at different con-
centrations.
Thus, near the melting point, viscosity of most alloys in-
vestigated has approximately the same value 7.5⋅10−7 푚2∕푠.
Moreover, concentration dependencies 휈(푥) (Fig. 2), 푇휈(푥)and 푇푚(푥) (Fig. 3) are qualitatively the same for all the stud-ied compositions except (푥Cu > 30, 푥Fe = 12.5) and (푥Fe <
12, 푥Cu = 25.5). The concentration dependencies of un-dercoolability are also similar to the corresponding liquidus
lines. Since both the viscosity and the undercoolability are
structural-sensitive properties [46, 47, 48, 49], the features
of their concentration dependencies may indicate structural
changes in the melt. To analyze the structure of Al-Cu-Fe
melts and its concentration changes, we performAIMD sim-
ulations of six alloys: Al68.7Cu25.5Fe5.8, Al69.5Cu18.0Fe12.5,Al62Cu25.5Fe12.5, Al52Cu35.5Fe12.5, Al57.0Cu25.5Fe17.5, andAl52Cu25.5Fe22.5 at temperatures 100 K above correspond-ing 푇푚.We place Fig. 4 (with Warren-Cowley SRO parameters
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훼푖−푗 obtained from quantummolecular dynamics) near Figs. 2-3 for comparing experiment and theory. The concentration
dependencies of 훼퐶푢−퐶푢 and 훼퐶푢−퐹푒 in Fig. 4 have local min-imum (maximum) where there are features at experimental
curves in Figs. 2-3. Moreover, 훼퐴푙−퐶푢 and 훼퐴푙−퐹푒 changetheir signs at the same compositions. Accuracy limitations
of quantum molecular dynamics do not allow drawing sim-
ilar conclusions with respect to the other Warren-Cowley
parameters. Below we discuss in more detail the Warren-
Cowley SRO parameters for Al-Cu-Fe melts and how they
were extracted from ab initio calculations.
Using AIMD simulations, we calculate the total and par-
tial radial distribution functions (RDF). In Fig. 5 we show
total RDFs as well as partial RDFs around Al for all simu-
lated alloys. We see that all total RDFs are similar to that for
simple liquids like Lennard-Jones one. We do not observe
any special features of RDF like splitting of the peaks which
allow predicting icosahedral phase formation [2, 4, 56]. To
illustrate the dependence of RDFs from concentrations we
draw them on the same graph, see Fig. 6, and plot the partial
coordinate dependent coordination numbers. As seen from
the Fig. 6, the clear difference between partial RDFs for Cu-
Al and Cu-Fe takes place. The former is Lennard-Jones like
but the latter demonstrates features, which are not typical for
simple liquids. Namely, the heights of the first and the sec-
ond peaks are almost the same. That means Cu and Fe avoid
being nearest neighbours (see also the Warren-Cowley anal-
ysis below).
By usingRDFs, one can determine useful structural char-
acteristics, such as distance between nearest neighbors 푟푖−푗and coordination number 푍푖−푗 . The former is determinedfrom the positions of the first peaks of partial RDFs, and the
latter is calculated by integrating the partial RDFs to their
first minima; the area under the first peak of total RDF is
equal to the number of nearest neighbors in the first coordi-
nation sphere. The values of these characteristics for simu-
lated alloys are presented in Table 2.
We remind that the number of atoms
푑푍(푟) = 푁
푉
4휋푟2푔(푟)푑푟,
at a distance between 푟 and 푟+ 푑푟 from a given atom, where
푁 is the total number of atoms, 푉 is the volume and 푔(푟) is
the total RDF. The partial RDF between the chemical species
푖, 푗 may be computed:
푔푖−푗(푟) =
푑푍푖−푗(푟)
4휋푟2휌푖푑푟
, 휌푖 =
푁푐푖
푉
, (2)
where 푐푖 is the concentration of atomic species 푖 and푍푖−푗(푟)is the partial coordinate dependent coordination number.
We see from the Table 1 that replacing Al atoms by ei-
ther Cu or Fe ones leads to a decrease in the radius of the
first coordination sphere, while the coordination number is
almost constant and equal to that for closed packed structures
(푍 = 12). Both 푟Al−Al and 푟Cu−Cu nearest neighbors dis-tances are close to the radii of the first coordination spheres
in liquid Al [57] and Cu [58], respectively; for 푟Fe−Fe and the
Fe melt, such relation does not take place. It should be noted
that simulation data for partial RDFs with iron atoms are the
least accurate ones since the concentration of iron is rather
low in most of the alloys studied. The most pronounced
concentration variations are observed for the radius of the
first coordination shell around Al atoms, which are primar-
ily related to the concentration dependence of the distance
between Al atoms.
In order to analyse chemical SRO, we calculate Warren-
Cowley parameters [59, 22], which are extracted from both
total and partial coordination numbers as:
훼푖−푗 = 1 −
푍푖−푗
푍푖−total푥푗
.
Here 푍푖−total and 푍푖−푗 are respectively the total and partialcoordination numbers, 푥푗 is the 푗 atom concentration. For arandom atom distribution, 훼푖−푗 are equal to zero. The nega-tive 훼푖−푗 means effective attraction between 푖 and 푗 species,while the positive 훼푖−푗 reflects repulsion. Calculated 훼푖−푗values for Al-Cu-Fe melts are presented in Tab. 3; Fig. 4
demonstrates their concentration behaviour.
As seen from Tab. 3 and Fig. 4, the strongest chemical
interaction in Al-Cu-Fe melts is the repulsion between Cu
and Fe atoms that is in agreement with the results obtained
for these alloys in solid state [60, 61]. An increase of 푥Cu at
푥Fe = 12.5 as well as an increase of 푥Fe at 푥Cu = 25.5 lead toa change of effective interatomic interaction for Al: the Al-
Al attraction, Al-Cu repulsion and Al-Fe repulsion decrease
with 푥 and change their signs in the vicinity of i-phase sto-
ichiometry (this is especially pronounced for Al-Fe interac-
tion). At high concentrations of either copper or iron atoms
around Al ones, a nearly random distribution of atoms with-
out pronounced chemical ordering is observed. Concentra-
tion changes of chemical SRO around Cu atoms show that
theweak attraction betweenAl-Cu atoms does not depend on
the concentration of Cu and Fe for all the melts studied. The
pronounced repulsion between Cu and Fe atoms has mini-
mal values at i-phase stoichiometry; at this concentration, a
random distribution of both Al-Cu and Cu-Cu bonds is ob-
served. At highAl concentrations, Fe atoms avoid each other
in Al-Cu-Fe melts.
Important structural information beyond pair distribu-
tion can be extracted from bond-angle distribution function
(BADF), which defines probability distribution 푃 (휃) for the
angle 휃 between a chosen particle and its two nearest neigh-
bours. TheBADF forAl-Cu-Fe alloys, extracted fromAIMD
data, are shown in Fig. 8. We see that distributions around
both Al and Cu atoms are similar to those for other closed
packed systems like metallic melts of Lennard-Jones liquid
[62, 63]: there is the main peak at 휃 ≈ 60 and the second
less pronounced one at 휃 ≈ 110. However, the situation
for Fe-centered distributions is quite different. We see that
the first BADF peak is much more pronounced so that the
푃 (휃) at the first minimum is close to zero. Analysis of par-
tial BADF reveals that this effect is mainly due to Al-Fe-
Al angles (Fig. 8d). That indicates strong chemical interac-
tion between Al and Fe. Whereas, BADFs for Cu-Fe-Cu an-
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Table 2
Distances between nearest neighbors (r푖−푗) and coordination numbers (Z푖−푗) in Al-Cu-Fe
melts at temperatures 100 K above T푚
.
r, Å Al69 .5Cu18Fe12.5 Al62Cu25.5Fe12.5 Al52Cu35.5Fe12.5 Al68.7Cu25.5Fe5.8 Al57Cu25.5Fe17.5 Al52Cu25.5Fe22.5
r(Al-Al) 2.77 2.85 2.84 2.81 2.80 2.76
r(Al-Cu) 2.54 2.55 2.53 2.55 2.52 2.52
r(Al-Fe) 2.46 2.49 2.49 2.47 2.47 2.49
r(Cu-Cu) 2.50 2.55 2.54 2.56 2.53 2.54
r(Cu-Fe) 2.65 2.65 2.64 2.65 2.63 2.60
r(Fe-Fe) 2.98 2.28 2.23 2.90 2.63 2.34
r(Al-tot) 2.73 2.64 2.64 2.72 2.66 2.64
r(Cu-tot) 2.54 2.54 2.54 2.55 2.55 2.54
r(Fe-tot) 2.47 2.47 2.48 2.48 2.49 2.47
r(tot) 2.71 2.61 2.55 2.66 2.58 2.55
Z
Z(Al-Al) 8.9 7.9 6.5 9.1 7.5 6.8
Z(Al-Cu) 2.0 3 4.5 3.0 3.3 3.4
Z(Al-Fe) 1.5 1.5 1.6 0.7 2.4 3
Z(Cu-Al) 8.1 7.3 6.9 8.1 7.4 6.8
Z(Cu-Cu) 1.7 2.5 4.1 2.2 2.7 3.4
Z(Cu-Fe) 0.8 1.0 1.0 0.3 1.4 1.5
Z(Fe-Fe) 0.8 1.4 1.4 0.3 1.4 2.8
Z(Al-tot) 12.5 12.4 12.6 12.7 13.0 13.2
Z(Cu-tot) 10.6 10.8 12.0 10.6 11.5 11.7
Z(Fe-tot) 10.7 11.1 11.6 10.3 11.3 11.4
Z(tot) 11.9 11.8 12.3 12.1 12.3 12.4
Table 3
Warren-Cowley SRO parameters in Al-Cu-Fe melts at temperatures 100 K above T푚
훼(i-j) Al69.5Cu18Fe12.5 Al62Cu25.5Fe12.5 Al52Cu35.5Fe12.5 Al68.7Cu25.5Fe5.8 Al57Cu25.5Fe17.5 Al52Cu25.5Fe22.5
훼(Al-Al) -0.02 -0.03 0.008 -0.04 -0.01 0.009
훼 (Al-Cu) 0.11 0.05 -0.006 0.07 0.004 -0.01
훼 (Al-Fe) 0.04 0.03 -0.02 0.05 -0.05 -0.01
훼 (Cu-Al) -0.099 -0.09 -0.11 -0.11 -0.13 -0.12
훼 (Cu-Cu) 0.11 -0.03 0.04 0.19 0.08 -0.14
훼 (Cu-Fe) 0.40 0.26 0.33 0.51 0.30 0.43
훼 (Fe-Fe) 0.40 -0.009 0.03 0.5 0.29 -0.09
gles demonstrate that Cu and Fe avoid forming triangles with
each other (the peak at 휃 ≈ 60 is relatively weak) that agrees
with the results obtained from Warren-Cowley parameters
(see Tab. 3). Note that BADFs for all studied melts demon-
strate weak concentration dependence.
4. Discussion
As suggested in [60, 61], SRO in solid Al-Cu-Fe alloys
is characterized by strong interaction between Al-Cu and Al-
Fe pairs, while Fe atoms avoid being in the nearest environ-
ment with Cu atoms. Such interaction leads to the formation
of i-phase whose structure consists of Bergman clusters [41].
Such a cluster for Al-Cu-Fe i-phase includes 33 atoms: Cu
atom in the center is surrounded by an icosahedron built of
Al atoms; the icosahedron, in turn, is surrounded by a do-
decahedron built of Cu, Al and Fe atoms.
To study the possible correlation between the structure
of i-phase and SRO of its melt, we perform Voronoi analy-
sis [64, 65, 66] of AIMD configurations. We find that topo-
logically ideal icosahedra (polyhedrawithVoronoi index ⟨0, 0, 12, 0⟩)
are almost absent in the structure of all the melts studied.
However SRO in Al-Cu-Fe melts is polytetrahedral, that is,
it is presented by Kasper polyhedra, which can be treated as
icosahedra with topological defects – disclinations [67]. For
all compositions, the most favorable polyhedron (about 3 %)
is ⟨0, 3, 6, 4⟩, which is strongly distorted Kasper polyhedron
Z13. Thus, we argue that polytetrahedral clusters strongly
distorted by thermal fluctuations are the main structural mo-
tifs in Al-Cu-Fe melts. Note that Kasper polyhedra are also
suggested to be structural motifs in glass-forming metallic
liquids and glasses [68, 63, 69, 70, 71]. That means polyte-
trahedral order is probably inherent for metallic alloys.
The results of Voronoi analysis suggest that there is no
clear relation between the local structure in a solid phase and
topology of Voronoi polyhedra in the corresponding melt.
To validate this results, we study local orientational order
in the melts by using bond orientational order parameters
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Figure 7: Local orientational order of the Al52Cu25.5Fe22.5 alloy on the 푞4−푞6 plane. Bond orientational order parameters (BOOPs)
were calculated via 12 nearest neighbours for Al, Cu and Fe-centered atoms. Points on the pictures correspond to the 푞4 − 푞6
values for each atom; (푞4, 푞6)-point for the perfect icosahedron is indicated as ico. Temperature of the system is 푇 = 1600 K for
(a)-(d) and 1000 K for (e)-(h). The system at 푇 = 1000 (deep undercooling condition) was cooled from 1600 K for 10000 fs and
then relaxed at 푇 = 1000 for 5000 fs. This is not enough for equilibration under such undercooling but the tendency is already
seen – local icosahedral order becomes much more pronounced than at 1600K.
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Figure 8: Bond-angle distribution function for Al-Cu-Fe melts
extracted from AIMD data.
(BOOPs), which are widely used in structural analysis of
condensed matter systems [72, 63, 73, 74, 75]. Detailed de-
scription of the method can be found in [76]. Briefly, we
calculate the rotational invariants 푞푙, of rank 푙 for each atomusing the fixed coordination number (CN = 12). These in-
variants are uniquely determined for any polyhedron includ-
ing the elements of any crystalline structure. Here we use
푞4, 푞6 as the the most informative ones; their values for anumber of close-packed structures are presented in Table 4.
Table 4
Rotational invariants (RI) 푞푙 of a few perfect clusters calculated
via fixed number of nearest neighbors (NN): hexagonal close-
packed (hcp), face centered cubic (fcc), icosahedron (ico). Ad-
ditionally, mean RI for the Lennard-Jones melt are shown for
the comparison.
cluster 푞4 푞6
hcp (12 NN) 0.097 0.485
fcc (12 NN) 0.19 0.575
ico (12 NN) 1.4 × 10−4 0.663
LJ melt (12 NN) ≈0.155 ≈0.37
In Fig. 7(a-d) we show BOOP probability distribution
for Al52Cu25.5Fe22.5 alloy on the 푞4 − 푞6 plane at 푇 = 1600K. Each point on the pictures correspond to (푞4, 푞6) valuefor certain atom. Comparing the distributions with (푞4 푞6)value for perfect icosahedron (labeled as ico), we conclude
that BOOPs do not demonstrate pronounced icosahedral or-
dering; only some traces of such ordering are observed for
Fe-centered local clusters.
Thus, we observe that the melt of locally icosahedral
quasicrystal phase does not contain topological icosahedra
due to strong thermal fluctuations, which smear fine struc-
tural properties of local polyhedra. It can be expected that a
noticeable amount of icosahedral clusters in Al-Cu-Fe liquid
will occur in the supercooled state where local order is much
more pronounced. However, investigation of deeply super-
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cooled liquids by AIMD is an extremely difficult task due
to much time needed to form an equilibrated structure [77].
This problem can be overcome by utilizing semi-empirical
potentials fitted to the ab initio and/or experimental data.
Development of such potential for Al-Cu-Fe system is a mat-
ter of the forthcoming paper. However, in this work we per-
form preliminary investigation of supercooledAl52Cu25.5Fe22.5liquid by using AIMD simulations. A high-temperature con-
figuration of the system at 푇 = 1600 K was cooled down to
10,000 fs for and then relaxed at this temperature for 5,000 fs.
Of course, this is not enough for equilibration of the system
under such undercooling but the tendency of structural relax-
ation can be observed. Indeed, in Fig. 7(a-d) we showBOOP
distributions for Al52Cu25.5Fe22.5 aloy at 푇 = 1000 K. Itis seen from the picture that deeply supercooled alloy, even
being in a strongly underelaxed state, demonstrates much
more pronounced icosahedral ordering in comparison with
the equilibrium melt.
As we have shown above, orientational order of the near-
est neighbors in the solid state is essentially destroyed in the
melt. However, some correlation between the structure of
solid and liquid phases can be extracted from more rough
structural characteristics, such as RDF and BADF, which are
more stable against thermal fluctuations. Indeed, analysis of
chemical SRO performed with both RDF and BADF reveals
that the main features of interatomic interactions in solid Al-
Cu-Fe alloys are the same as for their melts. First, there is
pronounced repulsion between Cu and Fe atoms, which is
practically concentration-independent (see Tab. 3). Second,
strong chemical interaction between Fe and Al takes place
(see Fig. 8d). Both these properties are characteristic for
solid Al-Cu-Fe alloys [60, 61]. Other features of the chemi-
cal interaction in ternary Al-Cu-Fe melts are closely related
to concentration changes of the structure in binary Al-Cu
and Al-Fe systems. The structure of binary Al-Cu and Al-
Fe melts has been intensively studied by both X-ray diffrac-
tion method and molecular dynamics simulations in a wide
range of compositions [57, 78, 79, 80]. In Al-Cu melts, an
increase of copper concentration from 10 to 40 at.% Cu leads
to the change of SRO associated with the change of the type
of interatomic interaction from homo-coordinated (with pre-
ferred Al-Al and Cu-Cu bonds) to hetero-coordinated (with
preferred Al-Cu bonds), while at 푥Cu ≈ 25 at.% there is asharp decrease in the average distances between Al-Al and
Cu-Cu pairs [79]. In Al-Fe melts, at 푥Fe > 25 at.% a shoul-der on statics structure factor occurs that indicates a change
in the type of structural ordering [80]. These features of the
structure of Al-Fe and Al-Cu melts can explain the changes
of sign of the effective interaction between Al-Cu and Al-Fe
pairs observed in the vicinity of i-phase stoichiometry. Note
that, at this concentration, we observe the largest distance
between the Al atoms in the first coordination shell.
Peculiarities of SRO discussed above allow understand-
ing concentration variations of viscosity in Al-Cu-Fe melts.
When describing themechanisms of viscosity inmetalmelts,
two factors are usually considered: kinetic factor and that as-
sociated with the breaking of interatomic bonds [79]. Since
the change in temperature does not affect essentially concen-
tration behavior of the viscosity (Fig. 2), we assume that it is
mainly determined by the interatomic interaction in the sys-
tem. The weakness of interaction between Cu and Fe leads
to the fact that the concentration dependencies of the viscos-
ity in Al-Cu-Fe system along two cross-sections considered
are mainly determined by the mechanisms determining vis-
cosity variations in binary Al-Cu and Al-Fe melts [47, 81].
According to available literature data [81], the viscosity of
Al-Cu melts does not change noticeably at 푥Cu < 20, but in-crease at 푥Cu > 20. In Al-Fe system, an increase of 푥Fe leadsto a sharp monotonic growth of the viscosity at 푥Fe > 2 at.% Fe [47].
However, we reveal some properties of the viscosity in
the triple system, which are not observed in corresponding
binary alloys. First, high viscosity values in Al-Cu-Fe melts
near the liquidus (compared to those in binary systems) are
observed for the compositions in the vicinity of i-phase sto-
ichiometry (Fig. 3). Second, concentration dependencies of
Al-Cu-Fe viscosity developminima at this composition (Fig. 2),
that is also not typical for binary Al-Cu and Al-Fe systems.
These features of the viscosity concentration behavior are
related with the concentration variation of interatomic inter-
action. Indeed, at 푥Cu = 25.5 and 푥Fe = 12.5, chemical in-teraction is minimal in the melts. Local minima at this com-
position are also observed on concentration dependencies of
the melting temperature. The data on undercoolabiliy ob-
tained during solidification at different cooling rates 20-100
K/min reveal that the concentration variations of chemical
interaction described above affect noticeably the initial stage
of solidification (the temperature at which the formation of
a solid phase begins in the system). We argue that obtained
structural peculiarities of Al-Cu-Fe melts are important for
fabricating Al-Cu-Fe i-phase from the melt.
5. Conclusions
We present a detailed study of the structure of Al-Cu-Fe
melts and its structural-sensitive properties, such as viscosity
and undercoolability. We focus on two concentration cross-
sectionsAl57+푥Cu30.5−푥Fe12.5 andAl52+푥Cu25.5Fe22.5−푥, (푥 =
0 − 20 at.%), which both contain the stoichiometry compo-
sition of icosahedral quasicrystal phase.
We observe that, along the cross-sections studied, the
concentration dependencies of the viscosity are close to those
in binary Al-Cu and Al-Fe melts. The maximal value of the
viscosity is observed in the vicinity of i-phase stoichiometry.
We experimentally observe that concentration dependencies
of the viscosity, concentration lines of equal viscosity and
concentration dependencies of the temperatures of the first
stage of crystallization reproduce qualitatively the liquidus
line. All of these characteristics develop minima at concen-
tration corresponding to i-phase stoichiometry.
Using AIMD simulations we also study the structure of
the Al-Cu-Fe melts at temperatures which are slightly above
the liquidus line. We show that SRO in Al-Cu-Fe melts is
mainly presented by distorted polytetrahedral Kasper poly-
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hedra with the number of nearest neighbors close to that in
closed packed systems (푍 = 12). However, topologically
perfect icosahedra are almost absent an even i-phase sto-
ichiometry that suggests the topological structure of local
polyhedra does not survive upon melting. However, struc-
tural characteristics extracted from radial distribution func-
tion and bond-angle distribution function are more stable
against thermal fluctuation and thus allow detecting struc-
tural heredity between solid and liquid phases. In particular,
by analysing theWarren-CowlyWarren-Cowley parameters,
we show that the main features of effective interatomic inter-
action in Al-Cu-Fe system are the same for both liquid and
solid states. For example, there is a pronounced repulsion
between Cu and Fe atoms, which is almost independent of
the concentration of the components in the melt. Moreover,
the chemical SRO of the melts changes qualitatively in the
vicinity of i-phase stoichiometry.
The results obtained demonstrate a relation between the
structure of Al-Cu-Fe melt, its structural sensitive properties
and the tendency to form icosahedral phase.
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